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Abstract 
The controlled scaling of diamond defect center based quantum registers relies on the ability to 
position NVs with high spatial resolution. Using ion implantation, shallow (< 10 nm) NVs can be 
placed with accuracy below 20nm, but generally show reduced spin properties compared to bulk 
NVs. We demonstrate the augmentation of spin properties for shallow implanted NV centers 
using an overgrowth technique. An increase of the coherence times up to an order of magnitude 
(T2 = 250s) was achieved. Dynamic decoupling of defects spins achieves ms decoherence 
times. The study marks a further step towards achieving strong coupling among defects 
positioned with nm precision. 
 
One of the key challenges in experimental quantum information science is the identification of 
isolated quantum mechanical systems which exhibit long coherence times and can be manipula-
ted and coupled in a scalable fashion. Single defects in diamond and especially the negatively 
charged nitrogen vacancy (NV) center are a perfect platform for studying the quantum dynamics 
of spin systems. The NV consists of a substitutional nitrogen atom with an adjacent vacancy and 
an extra electron attached to its complex. It has a long-lived spin triplet in its electronic ground 
state with coherence times ranging up to 3 ms under ambient conditions [1]. The NV spin can be 
prepared and detected by optical means, and microwave excitation can be used to control its spin 
state [2, 3, 4]. Quantum registers based on the coupling of one NV center to an electron spin of 
another proximal NV center [5, 6] as well as with nuclear spins of  neighboring 
13
C atoms [7, 8, 
9, 10, 11] have already been demonstrated experimentally. 
Of special interest in the context of large scale spin arrays is the generation of multiple strongly 
coupled NV centers, since this allows the performance of advanced quantum protocols. Since the 
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coupling strength decreases with the inverse cubic distance, close neighboring NVs with long 
coherence times are necessary. 
Recently nanometer-precision depth control of NV center creation near the diamond surface was 
achieved using an in-situ nitrogen delta-doping technique, showing coherence times of 
T2 > 100s for NV centers in 5 nm distance to the diamond surface [12]. However, the 
fabrication of scalable quantum devices in diamond [13] requires the ability to reliably create NV 
centers on demand with high spatial resolution in all three dimensions. 
Having regard to these criteria, ion implantation is the most powerful technique for placing im-
purity atoms into the diamond matrix. Ion implantation is proven to be very versatile providing a 
wide range of tuning possibilities via ion energy (i.e. implantation depth) or ion density (result-
ing in single NVs up to large NV ensembles). Using implantation masks, one can generate 
strongly coupled pairs of deep, long-lived NV centers suitable for entanglement experiments [6, 
14]. However, the yield for such strongly coupled NV pairs is relatively low due to persistent 
straggling in the diamond lattice. 
Although the depth of the resulting centers can be tuned by choosing the implantation energy of 
the nitrogen, ion straggling and ion channeling set an intrinsic limitation of spatial accuracy. Ion 
straggling results in a broadening of the ion-implanted volume and is due to the multiple 
scattering processes experienced by the implanted ion throughout the diamond lattice. Straggling 
typically increases with higher implantation energy, ordinarily from a few nanometers at keV 
range up to several tens or hundreds of nanometers at MeV energies.  With regard to quantum 
information processing applications, it has been shown that the coherence time of the electron 
spin associated to the NV center decreases in the proximity to the surface [15]. Hence, one faces 
a trade-off situation between the high placement accuracy of shallow implanted NVs with their 
lower spin properties and deep implanted NVs with reduced placement accuracy but better spin 
properties. This trade-off situation can be illustrated by comparing 2-D distributions of ion tracks 
in diamond as generated by SRIM simulation [16] for nitrogen implantation with 2.5, 5 and 10 
keV energies used in this study (Fig. 1d). 
In this Letter, we demonstrate an augmentation of the spin properties of shallow implanted NV 
centers by growing an additional diamond layer over the implanted diamond area. For this 
15
N 
ions were implanted into a commercially available Element Six electronic grade ([N]S
0
< 5 ppb) 
and (100)–oriented single crystal diamond substrate. Six individual fields of implanted nitrogen 
were formed by photolithography masking and using the kinetic energies of 2.5 keV, 5 keV, and 
10 keV and two doses of 10
10
 cm
-2
 and 10
13
 cm
-2
, respectively, thus allowing ensemble as well as 
single NV measurements. The implanted diamond sample was then annealed at 850°C 
temperature in high vacuum (pressure < 10
-6
 mbar) for 10 hours. Afterwards, the annealed 
sample was boiled in a 1:1:1 mixture of sulfuric, nitric, and perchloric acids to remove any 
graphitic contamination at the surface stabilizing the charge state of the shallow NV centers [17]. 
In the next step, a nominally undoped diamond layer was grown on the entire surface of the 
substrate by chemical vapor deposition (CVD) in a microwave-assisted plasma reactor system. 
The CVD growth process was performed in a hydrogen/methane gas mixture with 200/0.5 
SCCM flow rates, substrate temperature of 740 °C and gas pressure of 10 mbar. The thickness of 
the overgrown CVD layer was approximately 30 nm according to the growth calibration. Prior to 
CVD growth, the surface of the implanted diamond was subjected in-situ to H-plasma treatment 
at the same temperature and gas pressure, but with no methane flow present. This processing step 
has been used previously to smooth as-polished surface of single crystal diamond substrates 
leading to e.g. improved electronic properties of field effect transistors with H-induced 
conductive channels [18]. At the same time, exposure of diamond to microwave H-plasma can 
etch a surface damaged layer [19]. An amorphous carbon layer extending from 2 nm up to 4 nm 
induced by low-energy ion sputtering process could thus be completely abrogated by etching the 
diamond surface with such a plasma treatment for 20 min at approximately  700°C [19].  
Figure 1 shows a schematic cross section of the overgrown surface accompanied by 2-D 
photoluminescence (PL) images of the substrate- growth layer interface within the nitrogen-
implanted and non-implanted areas. The PL intensity from the substrate-to-CVD layer interface 
was about 3 orders of magnitude lower as compared to that of the nitrogen-implanted areas. In 
addition, even single NV centers in the lowest density region (10
10
cm
-2
) were clearly visible over 
the background fluorescence. The corresponding PL spectrum in Fig. 1c exhibits a featureless 
broad band in the 550-to-700 nm wavelength range. The PL spectrum from the implanted areas 
in Fig. 1c shows the presence of NV
-
 defects (zero-phonon line (ZPL) of 638 nm) and NV
0
 
defects (575 nm ZPL). After the CVD re-growth the integrated intensity of the NV
0
 PL signal is 
approx. 5 to 10% of the NV
-
 PL signal at the given experimental conditions (532 nm laser, 538 
nm long pass filter).  
Before and after the diamond overgrowth step, the spin relaxation properties of the implanted 
NV centers were characterized with commonly used optically detected magnetic resonance 
techniques (ODMR). Specifically, we measured the longitudinal relaxation time T1 in the 
densely implanted area (10
13
 cm
-2
) using a widefield setup. This device bins the response of 
approximately 3.6 million NVs on a 60 x 60 m2 field of view and therefore allows for a fast 
acquisition of the generally long (i.e. ms) relaxation times. The transverse coherence time T2 was 
measured on single NVs using a home-built confocal microscope [5]. We employed the standard 
Hahn echo pulse sequence [2, 8] followed by a mono-exponential fit of the envelope decay to 
quantify T2 which provides a general benchmark for the quality of the implanted NV centers. 
Before overgrowth, T1 times ranging from 1 ms to 1.8 ms were observed in the shallow dense 
NV ensembles (10
13
 cm
-2
) for all implantation energies. T1 measurements monitor the return to 
thermal distribution among the spin states from polarization to ms = 0, thereby establishing an 
upper limit for the transverse dephasing time achievable by decoupling pulse schemes [20]. 
Typically we observe longitudinal magnetization decaying on two time scales (insert in Fig. 2a), 
the T1 values quoted here are the longer component of a bi-exponential fit (Fig. 2a). We choose 
this value as a benchmark, since, firstly, the longer component has a roughly three times larger 
amplitude than the short component and, secondly, this timescale is the relevant figure of merit 
for sensing and decoupling schemes.  
Upon overgrowth, we measured an increase of T1 by a factor of 1.7 for the 2.5 keV and 10 keV 
implantation areas and 2.1 for the 5 keV implantation. This severe increase in relaxation times 
could have two reasons: On the one hand, surface effects are likely to be reduced under the 
overgrown CVD layer. On the other hand, residual lattice defects from the implantation and 
neighboring NV centers might be etched away during the initial H-plasma treatment in the CVD 
reactor. We note that T1 does not scale in any meaningful manner with the implantation energy 
(Fig. 2a). We believe this effect to be an artifact arising from a high systematic error on the 
implantation dose [21] as it might easily arise e.g. from a defocused ion beam. Our interpretation 
of the relative increase, however, should be valid though, since the T1 measurements were taken 
at the same location before and after overgrowth.  
The T2 times measured on single NVs in the low density region (10
10
 cm
-2
) were generally short 
(i.e. few tens of µs) and relatively dispersed after the implantation. This broad distribution of 
coherence times is presumably caused by residual crystal damage intrinsic to the impact of the 
accelerated ions [5, 22] or surface related effects [15].  After the growing process, we observe an 
increase in the T2 times for all implantation depths. The effect is most pronounced for the 
statistical data of the 2.5 keV 10
10
 cm
-2 
implant (overall 36 single NV centers) on which we 
observe on average a relative increase in the coherence time of more than an order of magnitude. 
The Hahn echo decay for a representative single 2.5 keV implanted NV before and for a different 
NV of same implantation energy after the overgrowth process is shown in Fig. 3. The periodic 
collapses and revivals are induced by the 
13
C environment around the NV [8, 23]. Fig. 2 
summarizes the change in the T1 and T2 times for the implanted NV centers before and after the 
growth process. 
Surprisingly, the shallowest NVs (2.5 keV) display the highest T2 times after overgrowth. This 
might be explained by back-etching of residual implantation damage during the initial H-plasma. 
This etching step could remove the entire damage layer for a shallow implant while it would only 
remove a small, shallow fraction of the damage for a deep implant. In this case, the remaining 
decoherence is likely due to remaining defects such as the nearest neighbor di-vacancy R4 (or 
W6) [24], which can be removed by high temperature annealing [22]. An additional high 
temperature annealing process (T > 1200°C) might therefore reduce the dispersion after the 
overgrowth and potentially increase the coherence times further. However, the distribution might 
equally arise from the etching step being inhomogeneous. Indeed, we observed the density of NV 
centers to vary on a scale of ~10 µm after the overgrowth both in the widefield and confocal 
measurements.  
We were able to efficiently increase the transverse coherence times by employing dynamical 
decoupling with a series of n -pulses using the CPMG-n sequences [25] (see insert in Fig. 3). 
This indicates that the coherence times are limited by a slow fluctuating magnetic noise. Most 
likely, this noise is not only due to the 
13
C spin bath since this would allow for an even longer T2 
in the range of 500µs [26]. A more likely cause are slowly fluctuating paramagnetic defects 
remaining from the implantation or grown into the CVD layer. In the latter case, T2 could be 
further increased by optimization of the growth process [12, 27]. However, by using a CPMG-40 
sequence, we were able to extend the T2 time of an overgrown 2.5 keV NV center to more than 1 
ms. With this coherence time, a two-qubit gate could be realized between to NV centers 
separated by nearly 30 nm [6]. Note that this is much larger than the placement accuracy 
achievable with a 2.5 keV implant (Fig 1d), so that our technique allow for the deterministic 
creation of strongly coupled NV centers. 
In summary, we have shown that T2 of NVs created by shallow nitrogen implantation can be 
extended by an order of magnitude and T1 can be approximately doubled via a subsequent 
overgrowth process. This method brings forward a new way to create multiple strongly coupled 
NV centers due to the reduced straggling at low implantation energies and subsequent increase of 
coherence by the increased separation from the diamond surface. It thereby circumvents the 
current drawbacks of both shallow and deep implanted NVs in regard to the strong coupling 
condition. Hence, this method potentially enables the generation of large scale spin-arrays and 
scalable quantum registers for quantum computation schemes. 
Furthermore, on the way to highly sensitive magnetic sensors with nanometer spatial resolution 
based on dense NV ensembles, thin layers of shallow NVs with long coherence times are needed 
[28]. Additionally, relaxation based magnetic sensing schemes [29, 30] focusing on the 
longitudinal relaxation benefit from long T1 times [28]. Improvement of the combined 
implantation and overgrowth technique presented here, i.e. application of only a few nanometers 
of ultrapure diamond on top of low energy implantation could enable the creation of quasi δ-
shaped NV distributions associated with low implantation energies while providing relaxation 
times common to deeper implantations. 
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Figures 
 
FIG.1 A schematic cross section of the overgrown diamond surface (a) accompanied by a 2-D 
photoluminescence (PL) image (b) of nitrogen-implanted and non-implanted areas (vertical X-Z 
scan); (c) the corresponding PL spectra by 532 nm laser excitation with 538 nm long pass filter. 
(d) Estimate of the straggle during ion implantation using SRIM [16]. 
  
  
FIG.2 Enhancement of the spin properties due to the overgrowth process. (a) Increase in the 
relaxation time T1 for the ensemble, the error bars represent 1uncertainty. The inset shows the 
T1 decay for the 10 keV 10
13
 cm
-2
 ensemble before and after the overgrowth. The data was fitted 
with a bi-exponential decay. (b) Increase in the Hahn echo coherence time T2 for single NV 
centers, each point is displaced by a small random offset along the vertical axis for better 
visibility. The inset shows the relative increase of the mean coherence times exceeding one order 
of magnitude for the 2.5 keV implanted NV centers. 
  
 FIG.3 Hahn echo decay for a representative single 2.5 keV implanted first NV before and for a 
second NV of same implantation energy after the overgrowth. Inset: Dynamical decoupling by a 
CPMG-n sequence prolongs the spin coherence of the overgrown second NV, exceeding 1 ms. 
